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A new cobalt(II) complex [Co(dppz)2(4,7-dmp)]2+ (4,7-dmp = 4,7-dimethyl-1,10-phenanthrolline) and dppz = dipyrido[3,2-a:2′-
3′-c]phenazine has been synthesized and characterized by elemental analysis (CHN), FT-IR, andUV-visible (UV-Vis) spectroscopic
techniques. e DNA-binding property of the complex has been investigated employing absorption spectroscopy, �uorescence
spectroscopy, circular dichroism, and viscosity measurements. e experimental results show that the complex can bind to DNA
in an intercalation mode. In comparison with previous study, the DNA-binding affinity of [Co(dppz)2(4,7-dmp)]2+ (K𝑏𝑏 = 1.1 ⋅ 106

M−1) is smaller than that of complex [Co(dppz)2(2,9-dmp)]2+ (K𝑏𝑏 = 2.5 ⋅ 106 M−1).

1. Introduction

Cobalt was accepted as an essential metal element widely
distributed in the biological systems such as cells and body,
and thus the interaction of DNA with cobalt complex has
attracted much attention [1]. e biological role of cobalt
is mainly focused on its presence in the active center of
vitamin B12, which regulates indirectly the synthesis of
DNA. Additionally, cobalt is involved in the coenzyme of
vitamin B12 used as a supplement of the vitamin [2], and
at least eight cobalt-dependent proteins have been reported
[3]. Since the �rst reported studies into the biological activity
of cobalt complexes [4], diverse structurally characterized
cobalt complexes showing antitumor antiproliferative [5, 6],
antimicrobial [7, 8], antifungal [9, 10], antiviral [11, 12], and
antioxidant [13] activities have been reported.

Deoxyribonucleic acid (DNA) plays a signi�cant role in
the life process because it carries the inheritance information
and leads the biological synthesis of proteins and enzymes
through the replication and transcription of genetic infor-
mation in living cells. DNA is especially a good target for
metal complexes as it gives a wide variety of potential metal

binding sites [14–16]. For example, the rich DNA electron
bases and phosphate groups are suitable for direct covalent
coordination at themetal centre.ere are noncovalent bind-
ing behaviors such as hydrogen bonding and electrostatic
binding in the grooved regions of the DNA, along with the
intercalation of planar aromatic ligands in the stacked base
pairs [17–23]. e interaction of DNA with transition metal
complexes has gotten intensive attention in the last few years
in order to develop new novel nonradioactive probes of DNA
structure [24, 25], new therapeutic agents that cleave DNA
[26–28] and DNA-mediated electron transfer reactions [29].

Recently, binding of metal complexes with 1,10-
phenanthroline or modi�ed phenanthroline moieties to
DNA has attracted much attention [30–32]. Synthesis of
new cobalt(II) complexes enabled chemists to extensively
study the ability of these complexes to act as probes in
investigating the structure of DNA, when these metal
complexes are incorporated with either 1,10-phenanthroline
or a modi�ed phenanthroline moiety as one of the ligands.
Among such metal complexes of intercalatable ligands, those
incorporating dipyrido[3,2-a:29,39-c]phenazine (dppz) are
known to possess unique characteristics.
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Taking into consideration the biological role and activity
of cobalt and its complexes containing intercalating ligands,
we have initiated the investigation of the interaction of
cobalt(II) with two phenanthroline and one dppz as ligands
[33]. In this context, we report the synthesis, characterization,
and DNA-binding studies of a new cobalt(II) complex con-
taining two dppz and 4,7-dimethyl phenanthroline ligands
to �nd the effect of methyl substituent and different kinds of
ligands on the mode of DNA binding.

2. Experimental

2.1. Materials. O-phenylenediamine and 4,7-dimethyl-1,10-
phenanthrolinewere purchased fromMerck.Doubly distilled
deionized water was used throughout. Highly polymerized
calf thymus DNA (CT-DNA) and Tris-HCl buffer were
purchased from Sigma Co. Solutions of DNA in 5mM
Tris-HCl, 50mM NaCl buffer (pH 7.2) gave a ratio of UV
absorbance at 260 and 280 nm of 1.8-1.9 : 1, indicating that
the DNA was sufficiently free of protein. e concentration
of calf thymus DNA was determined spectrophotometrically
using the molar absorptivity 6600−1 cm−1 at 260 nm. e
stock solutionswere stored at 4◦Candused over nomore than
4 days.

2.2. Synthesis of [Co(dppz)2(4,7-dmp)]Cl2 Complex. e
metal complex [Co(dppz)2Cl2], where dppz = dipyrido-[3,2-
a:2′,3′-c]phenazine was prepared by a slight modi�cation of
the reported procedure [34]. Methanolic solutions of dppz
ligands (2.823 g; 10mM) were re�uxed for 1 h. To this, anhy-
drous cobalt chloride (0.65 g; 5mM) in hotmethanol (10mL)
was added. e solution was �ltered and the precipitate was
washed with methanol and diethyl ether, and dried under
vacuum.

[Co(dppz)2Cl2] (3.125 g; 5mM) was dissolved in water-
methanol (20mL, 1 : 2 V/V), then, 4,7-dmp (1.04 g; 5mM)
was added. e solution was stirred under re�ux. Aer
3 h, the reaction mixture was cooled at room temperature
and �ltered. e precipitate was washed with ice water and
methanol.

Analytical data (%) for [Co(dppz)2(4,7-dmp)]Cl2 ⋅ 4H2O,
found (calculated); C, 62.5 (61.5); H, 4.0 (3.89); N, 14.21
(14.35). IR data (cm−1): 1541 (ring), 1515 (C=C), 1429
(CCH), 840 (Phen), 729 (Phen), 1342 (Me), 412 (Co–N);
molar conductance, (Ω−1cm2mol−1) in DMF: 142 (1 : 2 elec-
trolyte).

2.3. Instrumentation. e elemental analysis was performed
using a Heraeus CHN elemental analyzer. e molar con-
ductance of the complex was measured in DMF at room
temperature on an ELICO (CM 82T) conductivity bridge. IR
spectra were obtained with an ABB BOMEM MB 104 FTIR
spectrometer using KBr discs for 500–4000 cm−1 range.

Absorbance spectra were recorded using an HP spec-
trophotometer (Agilent 8453) equipped with a thermostated
bath (Huber polysat cc1). Absorption titration experiments
were conducted by keeping the concentration of complex
constant (5 × 10−5 M) while varying the DNA concentration.
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F 1: Structures of the dppz ligand and its Co(II) complex.

Absorbance values were recorded aer each successive addi-
tion of DNA solution, followed by an equilibration period.

All �uorescence measurements were carried out with a
JASCO spectro�uorometer (FP6200) by keeping the con-
centration of complex constant while varying the DNA
concentration at three different temperatures (279, 293, and
310K).

CD measurements were recorded on a JASCO (J-810)
spectropolarimeter by keeping the concentration of DNA
constant (5 × 10−5 M) while varying the complex concentra-
tion.

Viscosity measurements were made using a viscosimeter
(SCHOT AVS 450) that was maintained at 25 ± 0.5○C using
a constant temperature bath. e DNA concentration was
�xed at 5 × 10−5 M and �ow time was measured with
a digital stopwatch. e mean values of three replicated
measurements were used to evaluate the viscosity 𝜂𝜂 of the
samples. e values for relative speci�c viscosity (𝜂𝜂/𝜂𝜂0)

1/3,
where 𝜂𝜂0 and 𝜂𝜂 are the speci�c viscosity contributions ofDNA
in the absence (𝜂𝜂0) and in the presence of the Co(II) complex
(𝜂𝜂), were plotted against 1/𝑅𝑅.

3. Results and Discussion

3.1. Synthesis and Characterization. Transition metal com-
plexes of dppz have been found to exhibit interesting
photophysical properties due to the multiple excited states
available: 3𝜋𝜋-𝜋𝜋∗(phenazine), 3𝜋𝜋-𝜋𝜋∗(phen), or 3MLCT. Dppz
is soluble in ethanol. It is worth to note that the UV-Vis
spectrum of the ligand shows characteristic peaks at 249 and
265 nm, a shoulder at 290 nm, and a multiple in the range
325–400 nm, the latter interpreted as a 𝜋𝜋-𝜋𝜋∗ transition. e
electronic absorption spectrum of [Co(4,7-dmp)(dppz)2]2+
(Figure 1) is well characterized by two intense ligand centered
transitions in the UV regional. e bands at 325–400 nm are
characteristic of the interligand (IL) 𝜋𝜋-𝜋𝜋∗ transition of the
dppz ligand.e low-energy bands at 427 nm are assigned as
Co (d𝜋𝜋) dppz (𝜋𝜋∗) metal-to-ligand charge transfer (MLCT)
transition. e IR spectrum of the complex shows band
in the 412 cm−1 ascribable to the Co–N stretching. Molar
conductance (Ω−1cm2mol−1) in DMF shows 1 : 2 electrolyte.
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3.2. Electronic Absorption Titration. e application of elec-
tronic absorption spectroscopy in DNA-binding studies is
one of the most useful techniques. A complex bound to DNA
through intercalation usually results in hypochromism and
red shi (bathochromism), due to the intercalation mode
involving a strong stacking interaction between aromatic
chromophore and the base pairs of DNA. e extent of
the hypochromism in the visible MLCT band is commonly
consistent with the strength of intercalative interaction [35].
e UV-V is absorption spectrum of Co(dppz)2(dmp)2+ in
aqueous buffer solution (Figure 2) displays a broad MLCT
band at 425 nm and intense intraligand 𝜋𝜋 𝜋 𝜋𝜋∗ absorptions
characteristic of the dppz chromophore [36] below 400 nm
region. In the presence of increasing concentrations of calf
thymus DNA, a marked hypochromism in the dppz 𝜋𝜋 𝜋
𝜋𝜋∗ and MLCT transitions is apparent, accompanied by an
isosbestic point at 461 nm (Figure 2). e spectral charac-
teristics obviously suggest that the Co(II) complex interact
withDNAmost likely through amode that involves a stacking
interaction between the aromatic chromophore and the base
pairs ofDNA. In order to compare theDNA-binding affinities
of the complex quantitatively, the intrinsic binding constant,
𝐾𝐾𝑏𝑏, to DNA was obtained by monitoring the changes of
the MLCT absorbance at 424 nm according to the following
equation [37]:

𝜀𝜀𝑎𝑎 − 𝜀𝜀𝑓𝑓
𝜀𝜀𝑏𝑏 − 𝜀𝜀𝑓𝑓

=
𝑏𝑏 − (𝑏𝑏2 − 2𝐾𝐾𝑏𝑏

2𝐶𝐶𝑡𝑡[DNA]/𝑠𝑠)
1/2

2𝐾𝐾𝑏𝑏𝐶𝐶𝑡𝑡
,

𝑏𝑏 = 1 +𝐾𝐾𝑏𝑏𝐶𝐶𝑡𝑡 +
𝐾𝐾𝑏𝑏 [DNA]

2𝑠𝑠
,

(1)

where [DNA] is the concentration of DNA in nucleotides, 𝜀𝜀𝑎𝑎
is the extinction coefficient (A/[M]) observed for the MLCT
absorption band at a givenDNA concentration, and 𝜀𝜀𝑓𝑓 and 𝜀𝜀𝑏𝑏
are the extinction coefficient for the free Co(II) complex and
the extinction coefficient for the Co(II) complex in the fully
bounded form, respectively. 𝐾𝐾𝑏𝑏 is the equilibrium binding
constant inM−1,𝐶𝐶𝑡𝑡 is the total Co(II) complex concentration,
and 𝑠𝑠 is the binding site size. e intrinsic binding constant
of the complex was measured to be (1.1 ± 0.3) × 106 M−1 (𝑠𝑠 =
1.97± 0.09) (Table 1).e𝐾𝐾𝑏𝑏 value of the complex is relatively
close to that of the classical intercalator EB [38].e𝐾𝐾𝑏𝑏 value
is in the same order of those of bidentate [Ru(L)2(dppz)]2+
complexes [39, 40] (>106), where L = bpy, phen, dmb, and
dmp. e large hypochromism and𝐾𝐾𝑏𝑏 value observed in the
electronic absorption titration experiment for the complex,
suggest that the titled complexmost likely intercalatively bind
to DNA, involving a strong stacking interaction between the
aromatic chromophore (dppz) and the base pairs of the DNA.

3.3. Viscosity Measurements. e DNA-binding mode of the
complex was further investigated by viscosity measurements.
Hydrodynamic measurements (e.g., viscosity, sedimenta-
tion), which are sensitive to the increase in length ofDNA, are
regarded as the least ambiguous and the most critical tests of
a binding mode in solution in the absence of crystallographic
structure data. A classical intercalation leads to theDNAhelix
to lengthen because the base pairs of DNA are separated
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F 2: Absorption spectra of the complex in 10mM Tris buffer
at pH 7.2, upon addition of CT-DNA. ([Co] = 50 𝜇𝜇M, [DNA] =
0–300 𝜇𝜇M). Arrow shows the absorbance changing upon increasing
of DNA concentrations.
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F 3: Effect of increasing amounts of [Co(dppz)2(4,7-dmp)]2+
on the viscosity of CT-DNA (5 ×10−5 M) in 10mM Tris-HCl buffer
(𝑟𝑟𝑖𝑖 = 0.1, 0.2, 0.4, 0.8, and 1.2).

to accommodate the bound ligand, and thus result in the
increase of DNA viscosity.

In contrast, a partial or nonclassical intercalation of a
ligand could bend (or kink) the DNA helix and thus reduce
its effective length and, concomitantly, its viscosity.e effect
of the complex on the viscosity of DNA in comparison with
previous results in our laboratory is shown in Figure 3. In the
presence of the complex, the viscosity of DNA is increased
which is similar to the behavior of well-known DNA-
intercalator ([Ru(bpy)2(dppz)]2+) [41]. e experimental
results further support that the complex binds to DNA in an
intercalation mode.

3.4. Fluorescence Studies. e emission intensity of the com-
plex from its MLCT excited states upon excitation at 454 nm
is found to depend onDNAconcentration. Figure 4 shows the
emission spectrum of the complex in the presence of varying
amounts of DNA. As seen from the �gure, the intensity of
emission at 559 nm decreases appreciably in the presence
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T 1: Absorption spectra (𝜆𝜆max/nm) and DNA-binding constants,𝐾𝐾𝑏𝑏, of the titled complex in comparison with the previous results.

Complex 𝜆𝜆max (free) 𝜆𝜆max (bound) Δ𝜆𝜆 (nm) 𝐻𝐻 (%) 𝐾𝐾𝑏𝑏 (M−1)
[Co(dppz)2(2,9-Me2phen)] 422 458 36 22.5 4.63 × 106

[Co(dppz)2(4,7-Me2phen)] 422 460 38 27.7 2.36 × 106
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F 4: Emission spectra of the complex in Tris-HCl buffer in the
absence andpresence ofCT-DNA.Arrow shows the intensity change
upon increasing DNA concentrations. [Co] = 20 𝜇𝜇M.

of DNA. Fluorescence quenching may result from a variety
of processes such as excited state reactions, energy transfer,
ground-state complex formation, and collisional processes.
Collisional or dynamic quenching refers to a process where
the �uorophore and the quencher come into contact during
the lifetime of the excited state, whereas static quenching
refers to a �uorophore-quencher complex formation. Stern-
Volmer constant, 𝐾𝐾SV, is used to evaluate the �uorescence
quenching efficiency. According to the classical Stern-Volmer
equation:

𝐹𝐹0
𝐹𝐹
= 1 + 𝐾𝐾𝑞𝑞𝜏𝜏0 [D] = 1 + 𝐾𝐾SV [D] , (2)

where 𝐹𝐹0 and 𝐹𝐹 stand for the �uorescence intensities in the
absence and presence of quencher, and [D] is the quencher
concentration. 𝐾𝐾SV is the Stern-Volmer quenching constant,
which substitutes 𝐾𝐾𝑞𝑞 as 𝐾𝐾SV = 𝐾𝐾𝑞𝑞𝜏𝜏0, where 𝐾𝐾𝑞𝑞 is the
bimolecular quenching constant and 𝜏𝜏0 is the lifetime of the
�uorophore in the absence of quencher. e results in Table
2 indicate that the probable quenching mechanism of this
complex by CT-DNA involves dynamic quenching because
𝐾𝐾SV increases with increasing temperature [42].

3.5. Binding Constants and Binding Sites. Fluorescence titra-
tion data were used to determine the binding constant
(𝐾𝐾𝑓𝑓) and binding stoichiometry (𝑛𝑛) for the complex formed

between the cobalt complex and CT-DNA. Figure 4 shows
the �uorescence spectra of the complex in the presence of
different concentrations of CT-DNA. e data show that the
�uorescence intensity at 559 nm decreases in the presence of
CT-DNA.is change in �uorescence intensity at 454 nmwas
used to estimate𝐾𝐾𝑓𝑓 and 𝑛𝑛 for the binding of complex to CT-
DNA from the following equation [43]:

log
(𝐹𝐹0 − 𝐹𝐹)

𝐹𝐹
= log 𝐾𝐾𝑓𝑓 + 𝑛𝑛 log [DNA] . (3)

Based on the equation, the binding constant 𝐾𝐾𝑓𝑓 and the
number of binding sites are obtained and shown in Table 3.

3.6.ermodynamic Parameters and the Nature of the Binding
Forces. According to the thermodynamic data, interpreted
as follows, the model of interaction between a drug and
biomolecule can be (1) Δ𝐻𝐻 < 0 and Δ𝑆𝑆 < 0, hydrophobic
forces; (2) Δ𝐻𝐻 > 0 and Δ𝑆𝑆 > 0, van der Waals interactions
and hydrogen bonds; (3) Δ𝐻𝐻 > 0 and Δ𝑆𝑆 < 0, electrostatic
interactions [44]. In order to elucidate the interaction of
our complex with DNA, the thermodynamic parameters
were calculated. ermodynamic parameters are calculated
based on the temperature dependence of the average affinity
constant for complex binding at 279, 293, and 310K. e
values of Δ𝐻𝐻0 and Δ𝑆𝑆0 are obtained from the slope and
intercept of linear Van’t Hoff plot and are presented in Table
4:

ln 𝐾𝐾 = −Δ𝐻𝐻0

𝑅𝑅𝑅𝑅
+ Δ𝑆𝑆0

𝑅𝑅
, (4)

where K is the binding constant at absolute temperature
𝑅𝑅 and 𝑅𝑅 is gas constant. e free energy change Δ𝐺𝐺0 is
calculated from the following equation:

Δ𝐺𝐺0 = Δ𝐻𝐻0 − 𝑅𝑅Δ𝑆𝑆0. (5)

When we apply this analysis to the binding of the complex
with CT-DNA, we �nd that ΔH < 0 and Δ𝑆𝑆 < 0. erefore,
hydrophobic forces are probably the main forces in the
binding of the investigated complex to CT-DNA. It was
found that the intercalation of the complex is stabilized by
hydrophobic interactions and van der Waals forces [45].

3.7. Circular Dichroic Spectral Studies. To establish in more
detail whether binding of the complex brings about any
signi�cant conformational change of the DNA double helix,
circular dichroism (CD) spectra of CT-DNA were recorded
at increasing complex/CT-DNA ratios. e observed CD
spectrum of natural calf thymus DNA consists of a positive
band at 275 nm due to base stacking and a negative band
at 245 nm due to helicity, which is characteristic of DNA in
right-handed B form (Figure 5) [46].
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T 2: Dynamic enhancement and bimolecular enhancement constants for interactions between Co(II) complex and CT-DNA at different
temperatures.

Temperature (K) Linear equation 𝐾𝐾SV 𝐾𝐾𝑞𝑞

279 𝑌𝑌 = 0.986 + 1339𝑋𝑋 1339 1.34 × 1011

293 𝑌𝑌 = 0.987 + 1540𝑋𝑋 1540 1.54 × 1011

310 𝑌𝑌 = 0.997 + 1702𝑋𝑋 1702 1.7 × 1011

T 3: Linear equations of log(𝐹𝐹 − 𝐹𝐹0)/𝐹𝐹 versus log[DNA] and𝐾𝐾𝑓𝑓 of Co(II) complex with DNA at different temperatures.

Temperature (K) Linear equation 𝑅𝑅2 𝐾𝐾𝑓𝑓 log𝐾𝐾𝑓𝑓

279 𝑌𝑌 = 1.35𝑋𝑋 + 4.52 0.993 3.3 × 104 4.52
293 𝑌𝑌 = 1.22𝑋𝑋 + 4.03 0.99 1.07 × 104 4.03
310 𝑌𝑌 = 0.948𝑋𝑋 + 2.99 0.991 0.97 × 103 2.99

T 4: ermodynamic parameters and binding constants for the binding of Co(II) complex to CT-DNA.

𝑇𝑇 (K) log𝐾𝐾 (M−1) Δ𝐺𝐺0 (kJmol−1) Δ𝐻𝐻0 (kJmol−1) Δ𝑆𝑆0 (Jmol−1 K−1)
279 4.52 −24.6 −81.704 −204.66
293 4.03 −21.73 −81.704 −204.66
310 2.99 −18.26 −81.704 −204.66
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F 5: Circular dichroic spectra of calf thymus DNA (5.0 ×
10−5M) in 5mM Tris-HCl/50mM NaCl (pH 7.2) in the presence
of increasing amounts of Complex. (𝑟𝑟𝑖𝑖 = [Co]/[DNA] = 0.0, 0.2, 0.4,
and 0.6).

When the present complex is incubated with CT DNA
at the 1/R (=[complex]/[DNA]) value the CD spectrum of
DNA undergoes changes in both positive and negative bands
(Figure 5). e complex shows decrease and increase in
intensities of the negative and positive bands, respectively and
suggesting slight changes in DNA helicity upon interaction
with the complex. Such spectral changes are characteristic
of 𝐵𝐵 to 𝐴𝐴 conformational change. Similar observations

have been made for [Co(bipy)2(ip)]3+ and certain Ru(II)
complexes bound to CT DNA [47, 48].

4. Conclusion

A novel Co(II) complex [Co(4,7-dmp)(dppz)2]Cl2 has been
synthesized and characterized.e experimental results indi-
cate that the complex binds to DNA via an intercalative
mode of binding. Probably the most striking result emerging
from this study is a quantitative evaluation of the contri-
bution phenazine moieties to the DNA binding affinity. By
comparison with previous study [49], an additional binding
affinity is gained upon substitution of dmp ligand for dppz.
It was found that the present complex (𝐾𝐾𝑏𝑏 = 2.5 ± 0.4×
106M−1) binds to DNA 10 order of magnitude higher than
the [Co(dppz)(2,9-dmp)2]Cl2 complex (𝐾𝐾𝑏𝑏 = 3.6 ± 0.2×
105M−1) [49]. Such a change in the binding affinity is readily
understood because the dppz ligand of the Co(II) complex
interacts with double helical ct-DNAby classical intercalation
similar to that established for ethidium or daunomycin. e
results of this study clarify and quantify the contribution of
speci�c substituent to the stabilization of the DNA binding
and may provide a basic guidance for further design of
new DNA-binding agents of metal complexes. Furthermore,
in comparison with previous study in our laboratory, the
DNA-binding affinity of [Co(dppz)2(4,7-dmp)]2+ is smaller
than that of complex [Co(dppz)2(2,9-dmp)]2+ (𝐾𝐾𝑏𝑏 = 2.5 ×
106M−1).
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